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a b s t r a c t 
Given the importance of emotion regulation in affective disorders, emotion regulation is at the focus of attempts 
to identify brain biomarkers of disease risk, treatment response, and brain development. However, to be useful 
as an indicator for individual characteristics of brain functions – particularly as a biomarker in a clinical context 
– ensuring reliability is a key challenge. Here, we systematically evaluated test-retest reliability of task-based 
functional magnetic resonance imaging (fMRI) activity within neural networks associated with emotion genera- 
tion and regulation across three sessions. Acquiring fMRI data at ultra-high field (7T), we examined region- and 
voxel-wise test-retest reliability of brain activity in response to a well-established emotion regulation task for pre- 
defined region-of-interests (ROIs) implicated in four neural networks. Test-retest reliability varied considerably 
across the emotion regulation networks and respective ROIs. However, core emotion regulation regions, includ- 
ing the ventrolateral and dorsolateral prefrontal cortex (vlPFC and dlPFC) as well as the middle temporal gyrus 
(MTG) showed high reliability. Our findings thus support the role of these prefrontal and temporal regions as 
promising candidates for the study of individual differences in emotion regulation as well as for neurobiological 
biomarkers in clinical neuroscience research. 
1. Introduction 
The ability to regulate our emotions by means of flexibly respond- 
ing to affective events in a context-dependent manner is of great im- 
portance for our mental and physical health ( Berking and Wupper- 
man, 2012 ; Eftekhari et al., 2009 ) as well as for successful social in- 
teractions ( Gross and John, 2003 ). In contrast, impairments in emotion 
regulation are related to various psychological disorders, such as de- 
pression and anxiety ( Kring and Sloan, 2010 ; Sloan et al., 2017 ). Within 
the last decade, the role of emotion regulation in the development and 
maintenance of psychopathologies has been addressed by a growing 
number of studies, highlighting the importance of emotion dysregula- 
tion across psychological disorders ( Cludius et al., 2020 ). Along with 
the view of emotion regulation as a transdiagnostic construct, under- 
standing the neural mechanisms that underlie the regulation of emotions 
has become an important topic in affective neuroscience. This is further 
emphasized in light of the growing interest in finding neurobiological 
biomarkers of disease development and treatment response ( Insel et al., 
2010 ; Woo et al., 2017 ). 
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A wealth of neuroimaging studies has investigated the neural sub- 
strates of emotion regulation using functional magnetic resonance imag- 
ing (fMRI) ( Morawetz et al., 2017 ; Morawetz et al., 2020 ). Based on 
several meta-analyses in the field, a well-established and robust net- 
work of brain regions has been associated with emotion regulation 
(e.g., Buhle et al., 2014 ; Kohn et al., 2014 ; Morawetz et al., 2020 ; 
Ochsner et al., 2012 ) that consists of frontal (dorsolateral and ventrolat- 
eral prefrontal cortex, dlPFC and vlPFC), temporal (superior and middle 
temporal gyrus, STG and MTG), parietal (inferior and superior parietal 
lobe) as well as subcortical regions (amygdala, striatum) and the insula. 
Notably, the field has evolved from the mere investigation of the 
neural bases of emotion regulation across healthy and clinical popu- 
lations to exploring individual differences in emotion regulation and 
their neural correlates. Research has targeted individual differences in 
emotion regulation in relation to age (e.g., Silvers et al., 2017 ), reap- 
praisal success (e.g., Morawetz et al., 2016 ), personality traits (e.g., S. 
Chen et al., 2017 ; Morawetz et al., 2017 ), physiological measures (e.g., 
Urry et al., 2006 ) or psychiatric symptoms (e.g., Reinecke et al., 2015 ). 
For classical fMRI research, many paradigms were optimized by mini- 
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mizing between-subject variability to obtain large effects at the group 
level resulting in robust brain responses across studies ( Elliott et al., 
2020 ; Fröhner et al., 2019 ). In contrast, the study of individual differ- 
ences relies on the reproducible assessment of differences between sub- 
jects. With this shift of research focus new statistical challenges arise 
( Dubois and Adolphs, 2016 ): To be useful as an indicator for individ- 
ual characteristics of brain functions – particularly as a biomarker in 
a clinical context – one key challenge is to ensure the reliability of the 
measure. Reliability reflects the ability of a measure to give the same re- 
sults under similar circumstances, i.e. the ability to measure consistent 
results across repeated measurements in terms of test-retest reliability. 
It represents a prerequisite for the validity, power and predictive utility 
of a measure ( Elliott et al., 2020 ). 
In light of the ongoing replicability crisis ( “Fostering reproducible 
fMRI research, ” 2017 ), the discussion on task fMRI reliability has re- 
ceived new momentum, resulting in a surge of interest in fMRI reliabil- 
ity studies ( Bennett and Miller, 2010 ; Elliott et al., 2020 ; Noble et al., 
2019 ; Vul et al., 2009 ). However, the overall reliability of commonly 
used fMRI tasks remains largely unknown as reliability estimates of in- 
dividual studies vary widely between tasks as well as between studies 
investigating the same fMRI task ( Elliott et al., 2020 ). Hence, it is essen- 
tial to assess and report reliability for each specific task and scenario. 
The evaluation of the reliability of emotion regulation paradigms, that 
are widely used to assess underlying neural processes on a group and in- 
dividual level, is therefore a key challenge within affective neuroscience, 
that has not been addressed so far. 
In the current study, we therefore aimed to (1) determine the re- 
liability and thus the applicability of a well-established emotion reg- 
ulation task to assess individual differences and (2) identify regions 
within emotion regulation networks that can be reliably measured, 
therefore qualifying as promising biomarker candidates for future stud- 
ies. To address these issues, we used a well-established emotion regula- 
tion task, that represents the most commonly used task within the field 
( Morawetz et al., 2017 ). Typically, a negative picture is presented as an 
emotional stimulus and participants are asked to either down-regulate 
their emotion or to look at the image and let themselves respond natu- 
rally, allowing the differentiation of emotion generative from emotion 
regulatory processes by contrasting the different conditions ( Gross et al., 
2011 ; McRae et al., 2012 ; Otto et al., 2014 ). In this study, the emo- 
tion regulation task was conducted at three time points separated by 
one week using ultra high-field fMRI (7T), allowing for the assessment 
of test-retest reliability for two different time intervals: a shorter, one- 
week and a longer, two-weeks’ time interval. Using this design, the 
present study tested for the first time the reliability of emotion regula- 
tion ability on a behavioral and neural level. To assess local reliability, 
we focused on neural networks that have been identified in a recent 
meta-analysis including over 100 neuroimaging studies. In this meta- 
analysis four dissociable yet interacting large-scale networks have been 
determined, which have been linked to different psychological processes 
( Morawetz et al., 2020 ). The first two networks (N1 and N2) have mainly 
been associated with emotion regulation and include frontal and pari- 
etal cortical regions related to response inhibition or executive control, 
attention, memory and language. The other two networks, based upon 
mainly subcortical regions, have been related to the perception of dif- 
ferent emotional qualia and seem to play a central role in emotional 
reactivity and the generation of emotional responses (N3), and the per- 
ception and processing of internal sensations (N4). These networks were 
used as a priori defined regions-of-interest (ROIs) to assess test-retest re- 
liability in an independent manner and to evaluate the applicability of 
the measure on an individual level. Here, we sought to thoroughly in- 
vestigate the reliability of the respective ROIs by performing test-retest 
reliability analyses on two levels: Firstly, we assessed region-wise relia- 
bility based on the mean ROI activation for each participant. Secondly, 
we further explored reliability patterns by calculating ICC maps on a 
whole-brain level and extracting voxel-wise reliability for the respec- 
tive ROIs. 
We hypothesized that emotion regulation would be associated with 
increased activity within dlPFC, vlPFC, MTG, STG, and the inferior and 
superior parietal lobe within all three sessions. We further expected 
that brain activity would habituate over time (e.g. Plichta et al., 2012 ; 
Sauder et al., 2014 ). In relation to the test-retest reliability of the four 
predefined networks (N1 – N4), implicated in emotion generation and 
regulation, we hypothesized that test-retest reliability would vary be- 
tween regions. In particular, we expected higher test-retest reliability 
in prefrontal regions given the stronger activation patterns across ses- 
sions compared to subcortical regions which are more prone to sus- 
ceptibility artifacts and less activated in general ( Elliott et al., 2020 ). 
More specifically, we predicted that emotion regulation networks (N1 
and N2), mainly consisting of prefrontal and temporal regions, would 
demonstrate higher reliability than the other two networks (N3 and N4) 
including subcortical regions such as the amygdala. 
As of today, no study has systematically examined the effect of re- 
peated measurements on the assessment of emotion regulation on a be- 
havioral and neural level. Thus, this study represents a first step to deter- 
mine the reliability of emotion regulation and the underlying task-based 
fMRI activity within emotion regulation networks across multiple ses- 
sions. Using different indexes of reliability, this work not only provides 
evidence for the reliability of brain responses elicited by an emotion 
regulation task for the study of individual differences, but also high- 
lights which brain regions might serve as promising brain biomarkers 
for future studies. 
2. Materials and methods 
2.1. Participants 
32 participants (27 females, mean age = 22.56 years, SD = 3.06, 
range = 19–35) were recruited to participate in the fMRI experiment 
via advertisement at online platforms such as facebook and mailing 
lists of the University of Vienna and the Medical University of Vienna. 
Seven participants had to be excluded because they did not return for 
the second and third MRI session ( n = 4), or due to excessive head move- 
ment (movement > 3 mm/ > 3° in one direction; n = 3). The final sample 
consisted of 25 right-handed, healthy participants with normal or cor- 
rected to normal vision (21 females, mean age = 22.80 years, SD = 3.30, 
range = 19–35). All participants gave written, informed consent and re- 
ported no history of neurological or psychiatric disorders. 
The study was approved by the local ethics committee of the Medical 
University of Vienna and carried out in accordance with the Declaration 
of Helsinki. 
2.2. Experimental design 
2.2.1. Procedure 
All participants were tested three times. The three fMRI sessions were 
separated by one week in 76% of the cases. Due to illness or technical 
problems, few participants exceeded these time intervals: One partici- 
pant returned 14 days after the first session and 6 participants returned 
on average within 15 ± 2 days after the second session. Each fMRI ses- 
sion involved four runs of the emotion regulation task outlined below. 
In addition, each fMRI session was followed by a rating experiment, in 
which participants were instructed to rate the stimuli of the preceded 
emotion regulation task on valence and arousal. 
2.2.2. Stimuli 
Stimuli consisted of 240 aversive images from the International Af- 
fective Picture System (IAPS, n = 81 pictures; mean arousal = 6.17, 
SD = 0.62; mean valence = 2.26, SD = 0.59) ( Bradley and Lang, 2007 ) 
and the Nencki Affective Picture System (NAPS, n = 159 pictures; 
mean arousal = 6.42, SD = 0.63; mean valence = 3.13, SD = 0.64) 
( Marchewka et al., 2014 ). Images were assigned to the two task con- 
ditions ( Look or Decrease , see below) and split into three sessions. 
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These image sets were matched in content and did not differ in nor- 
mative arousal and valence ratings to ensure that emotion induction 
was comparable between the conditions and sessions (session 1: mean 
arousal = 6.36, SD = 0.79, mean valence = 2.88, SD = 0.71; session 2: 
mean arousal = 6.31, SD = 0.74, mean valence = 2.84, SD = 0.67; session 
3: mean arousal = 6.34, SD = 0.71, mean valence = 2.79, SD = 0.54; nor- 
mative valence and arousal values are indicated on a nine-point Likert 
scale from 1 (very positive/calm) to 9 (very negative/highly arousing)). 
However, we intended to use a wide spectrum of negative images and 
included high as well as low arousing images evenly distributed across 
all three sessions. 
After each fMRI experiment, the stimuli were rated on valence and 
arousal on a nine-point Likert scale from 1 (very positive/calm) to 
9 (very negative/highly arousing) using the Self Assessment Manikin 
( Bradley and Lang, 2007 ). An additional set of eight aversive pictures 
from the IAPS database was used during the practice session outside the 
scanner. During the fMRI experiment, images were presented in the cen- 
ter of the screen with an 800 × 600 pixel display using the stimulation 
software Presentation (Version 20.2, Neurobehavioral Systems, USA). 
2.2.3. Emotion regulation task 
The task design was adapted from a well-established emotion regula- 
tion task (e.g., Denny et al., 2015 ; Morawetz et al., 2017 ; Ochsner et al., 
2004 ). Two task conditions were implemented in the experiment. In 
the Look condition, participants were instructed to look at the picture, 
respond naturally to the presented image, and allow themselves to ex- 
perience any emotional responses without trying to manipulate them. 
In contrast, in the Decrease condition, participants were asked to reduce 
the intensity of the negative emotion by using reappraisal as emotion 
regulation strategy. Participants were instructed to reduce the negative 
impact of the depicted situation by distancing themselves from the im- 
age by becoming a detached observer, taking the perspective of a profes- 
sional observer, or thinking that the depicted situation is not real. Before 
the first fMRI measurement, participants received a training session to 
practice the reappraisal strategy (8 trials). 
The paradigm was implemented as an event-related design ( Fig. 1 ). 
During the task, stimuli were displayed using a video projector on a 
screen at the head end of the scanner. Each trial started with the instruc- 
tion cue (2 s) showing either the words “Down-regulate ” ( Decrease ) or 
“Maintain ” ( Look ) at the center of the screen. After the instruction, a jit- 
tered fixation cross was presented (2–6 s) followed by the aversive image 
(8 s). Subsequently, another jittered fixation cross (2–6 s) was presented, 
followed by a rating of the current emotional state (4 s) on a continuous 
scale from − 200 to + 200. The extremes of the rating scale were labeled 
‘very negative’ and ‘very positive’, respectively. Participants indicated 
their emotional state by using a two-button MR-compatible response 
pad (Current Designs, Philadelphia, PA) to navigate a cursor along the 
rating scale. The cursor was presented in the middle of the scale on each 
trial. Finally, the trial concluded by a jittered fixation cross (2–6 s). One 
experimental run consisted of 20 trials (10 per task condition). Trials 
were randomized within each run. Each experimental session consisted 
of four runs resulting in 80 trials per session and 240 trials in total for 
all three sessions. 
2.3. fMRI data acquisition 
Whole-brain functional and anatomical images were acquired using 
a SIEMENS Magnetom 7.0 Tesla MR scanner and a 32-channel head coil. 
A high-resolution 3D T1-weighted dataset was acquired for each par- 
ticipant and each session (224 sagittal sections, 0.7 × 0.7 × 0.7 mm 3 ; 
224 × 224 data acquisition matrix). Functional images were acquired us- 
ing the multiband EPI sequence (Version R016a; TR = 1.4 s; TE = 23 ms; 
78 slices; voxel size = 1.5 × 1.5 × 1.0 mm 3 ; 0.2 mm slice gap; field of 
view = 192 × 192 × 97.5 mm 3 ; flip angle = 62°) developed at the Cen- 
ter for Magnetic Resonance Research (CMRR, University of Minnesota, 
Fig. 1. (A) Task design. Each trial started with an instruction screen of 2 s, 
showing either the words “Down-regulate ” or “Maintain ” indicating the experi- 
mental condition Decrease and Look , respectively. The instruction was followed 
by a jittered fixation cross (2–6 s). Then an aversive picture was presented for 
8 s, during which participants were asked to either down-regulate ( Decrease ) 
their emotions or not modulate their emotions at all ( Look ), followed by a jit- 
tered fixation phase (2–6 s). After this regulation phase, participants rated their 
current emotional state on a continuous scale from very negative to very pos- 
itive within 4 s. Each trial ended with a jittered fixation phase of 2–6 s. (B) 
Emotional state ratings as a function of task condition and session. Error bars 
represent standard errors. 
Minnesota, USA) ( Moeller et al., 2010 ). For each experimental run, 371 
whole-brain volumes were recorded. 
Note that despite the advantages of ultra-high magnetic field MRI, 
including increased image and time course signal-to-noise ratio, spatial 
resolution, and higher BOLD-related signal changes ( Balchandani and 
Naidich, 2015 ; Moser et al., 2012 ), higher field strength also results 
in increased signal dropouts along susceptibility borders that origi- 
nate from heterogeneous fields within a voxel ( Moser et al., 2012 ; 
Triantafyllou et al., 2005 ). Ventral brain areas, including subcorti- 
cal structures as well as the orbitofrontal and temporal cortex, are 
particularly affected by susceptibility-related effects ( Merboldt et al., 
2001 ). To compensate for these challenges, we applied a high- 
resolution scanning protocol, including advanced shimming proce- 
dures, small voxel sizes and parallel imaging, leading to reduced intra- 
voxel field inhomogeneities and thus reduced dephasing and signal 
dropout ( Balchandani and Naidich, 2015 ; Geissberger et al., 2020 ; 
Robinson et al., 2004 ; Sladky et al., 2013 ; Triantafyllou et al., 2005 ). 
2.4. Data analyses 
2.4.1. Reliability assessment of behavioral performances and brain 
activation 
To analyze the test-retest reliability of behavioral and fMRI data 
we calculated intraclass correlation coefficients (ICCs). The ICC repre- 
sents a standard method to quantify test-retest reliability ( Bennett and 
Miller, 2010 ; Noble et al., 2020 ) and is typically interpreted as the ratio 
of variance of interest and total variance ( Shrout and Fleiss, 1979 ). The 
ICC values range from 1.0 indicating near-perfect agreement between 
the values of the test and retest measure to 0 indicating no agreement 
between the values of test and retest measure. 
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We assessed test-retest reliability by calculating consistency ICC 
estimates based on a single-measurement, two-way mixed effects 
model ( McGraw and Wong, 1996 ) referring to ICC(3,1) as defined by 
Shrout and Fleiss (1979) . The total sum of squares of this two-way 
ANOVA is split into a between-subject sum of squares, a between- 
session sum of squares and a residual sum of squares (corresponding 
mean squares: between-subjects mean square (BMS), between-sessions 
mean square (JMS, the original terminology of “J ” is “Judge ” as used 
by Shrout and Fleiss (1979) ) and error mean square (EMS)). In the 
mixed effects model, the effect of subjects is assumed to be random 
while the effect of session is modeled as a fixed effect, as test-retest 
measurements are considered to show a systematic source of variance 
(G. Chen et al., 2018 ; Koo and Li, 2016 ; McGraw and Wong, 1996 ). 
Due to the possibility of habituation or attenuation effects over sessions 
(e.g., Geissberger et al., 2020 ; Plichta et al., 2012 ; Sauder et al., 2014 ), 
we employed the consistency type of ICC. Thus, instead of measuring 
agreement in absolute values, we assessed the extent of agreement of 
the values of participants after accounting for potential systematic dif- 
ferences such as habituation, attenuation or training effects. In terms 
of task-based fMRI data, a high ICC indicates that a participant’s brain 
region demonstrating higher activation in session 1 relative to the rest 
of the sample also shows higher activation than the rest of the sample 
in session 2. For the consistency type of ICC, only the BMS and EMS are 
taken into account: 
𝐼𝐶 𝐶 ( 3 , 1 ) = 𝐵𝑀𝑆 − 𝐸𝑀𝑆 
𝐵𝑀𝑆 + ( 𝑘 − 1 ) 𝐸𝑀𝑆 
(1) 
where k = number of repeated sessions. 
We used single-measurement ICCs as the effect estimates were de- 
rived from a single session. To quantify the degree of reliability a com- 
mon guideline for interpretation was applied: ICCs below 0.40 reflect 
poor reliability, ICCs between 0.40 and 0.59 fair, ICCs between 0.60 
and 0.75 good, and ICCs higher than 0.75 excellent reliability ( Cicchetti 
and Sparrow, 1981 ). 
Note, that although ICC values are theoretically defined as nonneg- 
ative, they can be negative and therefore uninterpretable, but often are 
interpreted as poor to zero reliability ( Bartko, 1976 ; Giradeau, 1996 ; 
Lahey et al., 1983 ). Regarding neuroimaging studies, negative ICCs can 
actually occur for a large number of voxels (G. Chen et al., 2018 ). There- 
fore, negative values reported in this study cannot be interpreted. 
2.4.2. Analysis of self-reported data 
2.4.2.1. Control analyses: stimulus features. Based on the stimulus rat- 
ings after each fMRI session, mean arousal and valence ratings were cal- 
culated for each participant in each condition and session to ensure that 
participants perceived the pictures as negative and arousing throughout 
the experiment. 
2.4.2.2. Emotional state ratings and regulation success. Mean emotional 
state ratings were calculated for the two conditions and each session. 
In a first step, we performed a repeated-measures ANOVA with the fac- 
tors condition ( Look, Decrease ) and session (session 1, session 2, session 
3) to analyze the effects of task conditions and session on emotional 
state ratings, followed by post-hoc paired t-tests (two-tailed; p-values 
Bonferroni-corrected). In a second step, regulation success scores were 
calculated using the emotional state ratings. For this, the mean differ- 
ence between the emotional state ratings during Look trials and during 
Decrease trials was calculated. These difference scores, reflecting regu- 
lation success, are typically calculated and applied for the investigation 
of individual differences in emotion regulation (e.g., McRae et al., 2012 ; 
Otto et al., 2014 ; Wager et al., 2008 ). 
2.4.2.3. Reliability analyses of behavioral performance. As fMRI provides 
a method for measuring neural activation in association with cognitive 
and affective tasks and the corresponding behavioral response, the re- 
liability of behavioral data might influence the reliability of the fMRI 
measurement. Therefore, we analyzed the reliability of behavioral data 
by calculating ICCs in R (R package psych; Revelle, 2019 ). We performed 
ICC(3,1) analysis on mean emotional state ratings for the Decrease and 
Look condition, respectively, as well as for regulation success scores. 
ICCs and their corresponding confidence intervals (CI) were calculated 
for every possible combination of time points: session 1 | session 2, ses- 
sion 2 | session 3, session 1 | session 3. 
2.4.3. fMRI data analysis 
2.4.3.1. Preprocessing. Functional MRI data were analyzed using 
SPM12 (Statistical Parametric Mapping, Wellcome center for Human 
Neuroimaging, London, UK) in Matlab R2018b (MathWorks, Natick, 
MA, USA). Preprocessing included slice-time correction, realignment, 
coregistration to the respective structural image of the participant, spa- 
tial normalization to the standard EPI template (Montreal Neurological 
Institute, MNI), and smoothing with an isotropic Gaussian kernel (6 mm 
full-width at half-maximum). Single runs of the emotion regulation task 
in which participants showed extensive head movement ( > 3 mm/ > 3°
in one direction) were excluded from further analyses resulting in the 
exclusion of twelve runs ( n = 4 runs in session 1, n = 4 runs in session 2, 
n = 4 runs in session 3). Note, that despite the exclusion of single runs, 
a minimum of 2 runs was available for each participant in each session. 
2.4.3.2. Whole-brain group level analyses. The first-level model con- 
sisted of stimulus onset vectors representing the instruction (duration 
2 s), the emotion regulation phase during stimulus viewing split by task 
conditions ( Look, Decrease ) (duration 8 s), and the rating phase (4 s) that 
were convolved with the haemodynamic response function. Six move- 
ment parameters were included in the model as nuisance regressors. The 
regressors-of-interest were the two task conditions Loo k and Decrease . 
The resulting single-subject contrast images for Look and Decrease 
were submitted to the second-level group-analysis. A random-effects 
general linear model (GLM) was computed using a flexible factorial de- 
sign. The model consisted of two factors: task condition ( Look, Decrease ) 
and session ( session 1, session 2, session 3 ). Contrasts were computed to 
test for effects of emotion regulation ( Decrease > Look ) and emotion 
generation ( Look > Decrease ) as well as the effect of session ( session1 > 
session2 > session3 and session3 > session2 > session1 ). T-statistics were 
thresholded at an initial cluster-defining threshold p < .001, corrected 
for multiple comparisons with family wise error rate (FWE) at p < .05. 
Coordinates of the results are reported in MNI space. 
2.4.3.3. Region-of-interest (ROI) definition. In the present study we used 
independent, a priori defined ROIs from a recent meta-analysis on emo- 
tion regulation networks ( Morawetz et al., 2020 ), which represents a 
commonly applied method for conducting ROI analyses and an ap- 
propriate method for ROI analyses in individual differences research 
( Kriegeskorte et al., 2009 ). Morawetz et al. (2020) identified four large- 
scale networks in a meta-analytic grouping approach of fMRI exper- 
iments investigating emotion regulation. Two of these networks (N1 
and N2) are associated with emotion regulation and include frontal and 
parietal cortical regions related to response inhibition or executive con- 
trol, attention, memory and language. The other two networks includ- 
ing mainly subcortical regions are related to the perception of different 
emotional qualia and seem to play a central role in emotional reactivity 
and the generation of emotional responses (N3), and the perception and 
processing of internal sensations (N4). In sum, this resulted in 34 ROIs 
clustered into the four networks (N1: 10 ROIs, N2: 8 ROIs, N3: 7 ROIs, 
and N4: 9 ROIs) that were used to assess reliability during the emotion 
regulation task. Details of the ROIs are reported in the Supplementary 
Material, Table S1 . 
2.4.3.4. Reliability analysis of fMRI data. We used two approaches to 
assess the test-retest reliability of the task-based fMRI data, region-wise 
and voxel-wise reliability. Both measures are commonly used to investi- 
gate the reliability of task-fMRI (e.g. Geissberger et al., 2020 ; Li et al., 
2020 ; Lois et al., 2018 ) and are highly, but not perfectly, correlated 
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( Caceres et al., 2009 ; Fröhner et al., 2019 ). To assess region-wise relia- 
bility, the mean ROI activation for each participant and each ROI was 
extracted using Marsbar (Toolbox for SPM; Brett et al., 2002 ). ICC val- 
ues and their confidence intervals (CI) were then calculated for the mean 
activation of all ROIs using R. Next, we sought to assess voxel-wise re- 
liability, allowing further visualization of the reliability pattern within 
the networks and ROIs, respectively. For this, we calculated ICC maps 
on the whole-brain level using the fmreli toolbox implemented in SPM 
( Fröhner et al., 2019 ). We then extracted the distribution of voxel-wise 
ICC values within each ROI and obtained the medians of the ICC distri- 
bution for each region, which constitute a measure of test-retest reliabil- 
ity at the voxel level ( Caceres et al., 2009 ), using the statistical program 
R (Version 3.3.0; R CoreTeam, 2016 ). 
As the reliability of main contrasts and difference contrasts was 
shown to differ due to shared true score variance of conditions 
( Infantolino et al., 2018 ), we here report reliability measures for both, 
the difference contrast (i.e. Decrease > Look ) that was of main interest, 
as well as for the contrasts of main effects (i.e. Decrease > Baseline; Look 
> Baseline ). 
3. Results 
First, we report the behavioral results as well as the test-retest relia- 
bility analyses of the emotion regulation task. Second, task effects across 
all sessions and for each session separately are reported on a whole-brain 
level. Third, to determine the reliability of the emotion regulation task 
on a neural level we conducted region-wise and voxel-wise ICC analyses 
using the four predefined networks shown to be involved in emotion 
generation and regulation. 
3.1. Behavioral results 
3.1.1. Control analysis: stimulus features 
Participants were asked to rate all pictures after each session on va- 
lence and arousal. Results confirmed that the pictures induced the in- 
tended negative affect: For each session, participants rated the stimuli as 
negative and arousing in the Decrease (session 1: mean valence = 3.15, 
SD = 0.57, mean arousal = 4.72, SD = 0.93; session 2: mean va- 
lence = 3.09, SD = 0.71, mean arousal = 5.04, SD = 1.03; session 3: 
mean valence = 3.19, SD = 0.63, mean arousal = 4.94, SD = 1.01) and 
in the Look condition (session 1: mean valence = 3.13, SD = 0.50, mean 
arousal = 4.81, SD = 0.90; session 2: mean valence = 3.17, SD = 0.66, 
mean arousal = 4.89, SD = 1.10; session 3: mean valence = 3.25, 
SD = 0.66, mean arousal = 4.70, SD = 0.91). 
3.1.2. Emotional state ratings 
Analyses of the emotional state ratings revealed a significant main 
effect of emotion regulation condition ( F (1,24) = 51.04, p < .001), no 
significant main effect of session ( F (2,48) = 0.17, p = .84) and a signif- 
icant interaction effect between emotion regulation condition and ses- 
sion ( F (1.50,36.06) = 20.87, p < .001, Greenhouse-Geisser corrected) 
( Fig. 1 ). Post-hoc paired t-tests showed that participants felt significantly 
less negative during Decrease compared to the Look condition in each ses- 
sion (session 1: t (24) = 6.79, p < .001, d = 1.36; session 2: t (24) = 6.96, 
p < .001, d = 1.39, session 3: t (24) = 6.11, p < .001, d = 1.22). Further, 
within the Look condition ratings for session 1 differed significantly from 
session 2 ( t (24) = − 3.85, p = .01, d = 0.77) as well as from session 3 
( t (24) = − 6.95, p < .001, d = 1.39). Within the Decrease condition, rat- 
ings did not differ significantly between sessions. All post-hoc pairwise 
comparisons are reported in Table 1 . 
3.1.3. Reliability of emotional state ratings and regulation success 
To assess reliability of behavioral data between the sessions, we 
performed ICC analyses on the behavioral performance estimates, i.e. 
the emotional state ratings and the regulation success respectively. For 
the emotional state ratings we calculated ICC(3,1) values separately 
Table 1 
Post-hoc t-tests of emotional state ratings. 
Comparison t ( df = 24) p value Cohen’s d 
Look s1 > Decrease s1 − 6.79 < 0.001 1.36 
Look s2 > Decrease s2 − 6.96 < 0.001 1.39 
Look s3 > Decrease s3 − 6.11 < 0.001 1.22 
Look s1 > Look s2 − 3.85 0.01 0.77 
Look s1 > Look s3 − 6.95 < 0.001 1.39 
Look s2 > Look s3 − 1.21 1 0.24 
Decrease s1 > Decrease s2 2.58 0.25 0.52 
Decrease s1 > Decrease s3 2.65 0.21 0.53 
Decrease s2 > Decrease s3 0.09 1 0.02 
Look s1 > Decrease s2 − 8.38 < 0.001 1.68 
Look s1 > Decrease s3 − 8.34 < 0.001 1.67 
Look s2 > Decrease s1 − 5.49 < 0.001 1.10 
Look s2 > Decrease s3 − 6.33 < 0.001 1.27 
Look s3 > Decrease s1 − 5.07 < 0.001 1.01 
Look s3 > Decrease s2 − 6.40 < 0.001 1.28 
Note. Results are Bonferroni corrected for multiple comparisons ( n = 15). Sig- 
nificant results are indicated in bold. df = degrees of freedom, s = session. 
for the Decrease and Look condition that were in the good to excellent 
range for the Decrease condition (ICC s1-s2 = 0.64, p < .001, CI = [0.34, 
0.83]; ICC s2-s3 = 0.89, p < .001, CI = [0.77, 0.95]; ICC s1-s3 = 0.66, 
p < .001, CI = [0.37, 0.84]) and the Look condition (ICC s1-s2 = 0.74, 
p < .001, CI = [0.49, 0.87]; ICC s2-s3 = 0.79, p < .001, CI = [0.58, 0.90]; 
ICC s1-s3 = 0.86, p < .001, CI = [0.71, 0.94]). ICC analyses of the reg- 
ulation success scores revealed good to excellent reliability for each 
combination of session (ICC s1-s2 = 0.65, p < .001, CI = [0.40, 0.81]; 
ICC s2-s3 = 0.76, p < .001, CI = [0.58, 0.87]; ICC s1-s3 = 0.70, p < .001, 
CI = [0.49, 0.84). Note, that the regulation success is the result of a 
subtraction of the emotional state ratings of the Look and Decrease con- 
dition. Thus, in comparison to the emotional state ratings, shared vari- 
ance in the data gets lost, resulting in slightly lower reliability compared 
to the emotional state ratings ( Hedge et al., 2018 ). 
3.2. fMRI results 
3.2.1. Whole-brain analyses 
First, we investigated activity changes due to emotion generation 
and regulation across all sessions on the whole-brain level. Consistent 
with previous studies ( Kohn et al., 2014 ; Morawetz et al., 2017 ), testing 
for the effects of emotion regulation [ Decrease > Look ] and emotion gen- 
eration [ Look > Decrease ] across the three sessions revealed increased 
activity in a widespread network of lateral prefrontal, temporal, and 
parietal regions. Details of the results are reported in the Supplemen- 
tary Material ( Table S2 and Fig. S1) . Testing for session effects resulted 
in no significant clusters of activation on the whole-brain level, suggest- 
ing that activation did not significantly vary over time. 
In a second step, we tested for task effects for each session sepa- 
rately. The previously observed regions were robustly activated during 
emotion generation and regulation across sessions ( Table 2 and Fig. 2 ). 
However, in general for the emotion regulation contrast [ Decrease > 
Look ] activation declined over time ( Fig. 2 ). During the first session, in- 
creased activity during the down-regulation was found in frontal (right 
IFG and SFG, left middle frontal gyrus (MFG), SMA, and precentral 
gyrus), temporal (bilateral MTG and STG), and parietal regions (bilat- 
eral angular gyrus and the precuneus) ( Fig. 2 A ). In the second session 
the frontal (right SFG, left IFG and SMA, bilateral MFG), temporal (left 
MTG) and parietal cortices (bilateral angular gyrus and inferior parietal 
lobe (IPL)) demonstrated enhanced responses during emotion regula- 
tion ( Fig. 2 B ). While in the third session, increased activation was con- 
strained to frontal (left MFG and precentral gyrus) and temporal regions 
(right STG, bilateral MTG) ( Fig. 2 C ). 
The emotion generation contrast [ Look > Decrease ] revealed en- 
hanced activity in the left STG, bilateral supramarginal gyrus, and bi- 
lateral insulae during the first session ( Fig. 2 D ). In the second session 
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Table 2 
Brain regions involved in emotion generation and regulation for each session separately (whole-brain 
analyses). 
Region Side Coordinates BA Cluster size t value p value 
x y z 
Session 1: Decrease > Look 
Superior Temporal Gyrus L − 50 10 − 24 21 1258 6.28 < 0.001 
Middle Temporal Gyrus L − 56 − 1 − 22 21 4.63 
Middle Temporal Gyrus L − 51 − 10 − 11 22 4.52 
Superior Frontal Gyrus R 20 16 60 8 6923 6.2 < 0.001 
Superior Frontal Gyrus R 20 11 67 6 5.52 
Supplementary Motor Area L − 4 11 54 6 5.52 
Angular Gyrus R 54 − 54 30 39 4939 6.16 < 0.001 
Angular Gyrus R 45 − 52 22 39 5.79 
Superior Temporal Gyrus R 57 − 50 22 22 4.83 
Middle Temporal Gyrus L − 52 − 43 − 2 21 3525 5.9 < 0.001 
Angular Gyrus L − 58 − 58 27 22 5.14 
Angular Gyrus L − 50 − 62 45 39 4.69 
Superior Frontal Gyrus R 20 48 33 9 1026 5.24 < 0.001 
Superior Frontal Gyrus R 18 58 30 9 4.2 
Middle Temporal Gyrus R 45 − 37 2 21 763 5.19 0.003 
Middle Temporal Gyrus R 56 − 32 − 2 21 4.33 
Precuneus 6 − 50 48 937 4.98 0.001 
Precuneus − 10 − 52 43 3.58 
Inferior Frontal Gyrus R 48 36 − 12 47 649 4.71 0.007 
Inferior Frontal Gyrus R 51 26 − 8 38 4.64 
Inferior Frontal Gyrus R 57 23 14 45 4.64 
Precentral Gyrus L − 34 − 2 63 6 1265 4.52 < 0.001 
Middle Frontal Gyrus L − 39 4 54 6 4.32 
Precentral Gyrus L − 38 6 44 6 4.02 
Session 2: Decrease > Look 
Supplementary Motor Area L − 3 14 60 6 6725 5.53 < 0.001 
Middle Frontal Gyrus L − 38 20 42 46 5.2 
Superior Frontal Gyrus R 18 20 63 8 5.04 
Angular Gyrus R 52 − 56 28 22 1384 4.89 < 0.001 
Inferior Parietal Gyrus R 48 − 54 43 40 3.86 
Angular Gyrus L − 46 − 66 45 39 1415 4.74 < 0.001 
Angular Gyrus L − 44 − 58 40 39 4.24 
Inferior Parietal Gyrus L − 51 − 49 55 40 3.88 
Inferior Frontal Gyrus L − 46 30 − 12 38 1400 4.7 < 0.001 
Middle Frontal Gyrus L − 36 53 − 2 47 4.45 
Inferior Frontal Gyrus L − 36 41 − 14 47 4.44 
Superior Frontal Gyrus R 15 58 31 9 1895 4.26 < 0.001 
Middle Frontal Gyrus R 34 20 48 9 4.16 
Middle Frontal Gyrus R 39 24 42 46 4.05 
Middle Temporal Gyrus L − 56 − 43 0 21 577 4.11 0.012 
Middle Temporal Gyrus L − 64 − 42 2 22 4.09 
Session 3: Decrease > Look 
Middle Temporal Gyrus R 52 − 67 12 37 3707 5.7 < 0.001 
Middle Temporal Gyrus R 51 − 60 16 37 4.97 
Superrior Temporal Gyrus R 57 − 48 21 22 4.78 
Middle Temporal Gyrus L − 51 − 74 6 19 1847 4.86 < 0.001 
Middle Temporal Gyrus L − 46 − 66 12 37 4.61 
Middle Temporal Gyrus L − 56 − 50 20 22 4.02 
Precentral Gyrus L − 40 − 2 61 6 456 3.87 0.033 
Middle Frontal Gyrus L − 36 4 55 6 3.83 
Precentral Gyrus L − 32 − 2 58 6 3.78 
Session 1: Look > Decrease 
Insula R 40 − 13 − 4 48 5303 6.62 < 0.001 
Insula R 40 − 1 − 11 48 5.81 
Supramarginal Gyrus R 54 − 28 28 48 5.22 
Insula L − 39 − 18 2 48 3604 6.59 < 0.001 
Insula L − 40 − 6 − 5 48 5.92 
Insula L − 34 2 15 48 5.67 
Superior Temporal Gyrus L − 64 − 30 21 48 2028 5.44 < 0.001 
Supramarginal Gyrus L − 60 − 26 28 48 5.07 
Supramarginal Gyrus L − 60 − 22 15 42 4.98 
Session 2: Look > Decrease 
Superior Temporal Gyrus L − 40 − 24 3 48 8722 5.86 < 0.001 
Cingulate Gyrus − 22 − 37 32 5.4 
( continued on next page ) 
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Table 2 ( continued ) 
Region Side Coordinates BA Cluster size t value p value 
x y z 
Angular Gyrus L − 22 − 48 28 5.34 
Insula R 44 − 13 2 48 4797 5.73 < 0.001 
Rolandic Operculum R 51 − 25 22 48 5.62 
Supramarginal Gyrus R 58 − 26 19 42 5.4 
Precuneus 22 − 54 36 1352 4.3 < 0.001 
Postcentral Gyrus R 24 − 30 78 4 4.16 
Paracentral Lobule R 14 − 31 54 4.15 
Session 3: Look > Decrease 
Insula L − 22 34 7 47 1476 4.84 < 0.001 
Inferior Frontal Gyrus L − 16 38 − 6 11 4.73 
Middle Frontal Gyrus L − 24 41 − 6 11 4.3 
Calcarine Fissure L − 30 − 60 10 19 556 4.77 0.014 
Calcarine Fissure L − 21 − 55 12 17 3.86 
Calcarine Fissure L − 15 − 60 16 17 3.81 
Superior Temporal Gyrus L − 44 − 13 − 3 48 2215 4.71 < 0.001 
Heschl Gyrus L − 39 − 22 8 48 4.45 
Insula L − 39 − 1 − 6 48 4.42 
Rolandic Operculum R 54 − 10 19 48 1621 4.66 < 0.001 
Rolandic Operculum R 42 − 6 14 4.21 
Insula R 44 − 14 4 48 3.91 
Insula L − 36 − 8 18 48 1019 4.43 < 0.001 
Rolandic Operculum L − 38 2 16 48 4.38 
Caudate Nucleus L − 24 8 25 48 4.36 
Inferior Frontal Gyrus R 22 35 − 6 11 447 4.37 0.036 
Insula R 30 32 10 48 4.17 
Anterior Cingulate Gyrus 14 30 − 4 11 3.9 
Caudate Nucleus R 27 16 20 48 496 4.32 0.024 
Anterior Cingulate Gyrus 3 10 22 4.17 
Anterior Cingulate Gyrus 12 16 22 3.45 
Note. Coordinates refer to MNI coordinate system. p < .05 cluster-wise FWE corrected (initial cluster- 
defining threshold p < .001). L = left hemisphere, R = right hemisphere. 
increased activity during Look was found in the left STG, right supra- 
marginal gyrus, and right insula as well as the cingulate gyrus, the pre- 
cuneus, and the right postcentral gyrus ( Fig. 2 E ). Finally, during the 
third session the control condition resulted in an enhancement of activ- 
ity in the IFG and insulae, bilaterally, as well as in the occipital cortex 
( Fig. 2 F ). 
3.2.2. Reliability of fMRI results 
3.2.2.1. Region-wise reliability. First, we computed ICCs for the mean 
activation of each ROI within each network to determine region-wise 
reliability across sessions. In the following, the term “short-term ” refers 
to the comparison between sessions separated by one week (i.e. ses- 
sion 1 | session 2 and session 2 | session 3) while the term “long-term ”
refers to the longer time interval and the comparison between sessions 
separated by two weeks (i.e. session 1 | session 3). According to guide- 
lines suggested by Cicchetti and Sparrow (1981) ICCs lower than 0.4 
reflect poor reliability (indicated in orange in Fig. 3 ), ICCs between 0.4 
and 0.59 fair reliability (indicated in yellow in Fig. 3 ), ICCs between 
0.6 and 0.75 good (indicated in light green in Fig. 3 ) and ICCs higher 
than 0.75 excellent reliability (indicated in green in Fig. 3 ). In fact, ac- 
cording to a recent meta-analysis, most test-retest reliability analyses of 
task-induced fMRI activity revealed ICC values in the range of poor re- 
liability (56% of the studies), whereas 24% of the studies showed ICC 
values in the fair and 20% in the good or excellent range of reliability 
( Elliott et al., 2020 ). In the following, percentages refer to the number 
of regions in relation to all regions within one network that lay within a 
certain range, e.g. fair to good reliability for 40% of the N1 ROIs means 
that 4 out of 10 regions within N1 showed ICC values within the fair to 
good range. 
N1 
Difference contrast. The left posterior MFG, right anterior MFG, right 
cingulate gyrus (CG), and the precuneus resulted in fair to good ICC 
values for short- and long-term reliability (40% of the N1 ROIs). Ad- 
ditionally, the left SFG and right insula showed ICC values in the fair 
to good range, regarding short-term reliability ( Fig. 3 A ). Overall, test 
retest-reliability was higher for the short-term intervals than for the 
long-term interval, indicated by a higher number of regions exceeding 
the threshold of fair reliability. The highest ICC values within N1 for 
short- and long-term reliability were found for prefrontal regions, left 
posterior and right anterior MFG, respectively. 
Main Decrease contrast. ICC values indicated fair to excellent short- 
and long-term reliability for the majority of ROIs (80% of the N1 ROIs) 
including prefrontal regions, right CG, the insula, and the precuneus, 
whereas ICC values of parietal regions of this network (bilateral IPL) 
were lower and showed only poor to good reliability (Supplementary 
Material, Fig. S2A ). The highest ICC values regarding short- and long- 
term intervals were found for prefrontal regions (left SFG and MFG) and 
the insula. 
Main Look contrast. ICC analyses revealed fair to excellent short-term 
reliability for the majority of regions (90% of the ROIs within N1; Sup- 
plementary Material, Fig. S3A ). 50% of the regions further exhibited fair 
to good long-term reliability, including frontal regions (left SFG, right 
MFG, and CG) and the right insula, indicating a slight decline of reliabil- 
ity with the longer test-retest interval. The right CG and the right insula 
demonstrated the highest ICC values across each comparison between 
sessions. 
N2 
Difference contrast. In general, ICC values were in the fair to excellent 
range for 88% of the ROIs within N2 with regard to short-term reliabil- 
ity: left posterior SFG, left MFG, left IFG, right IFG, left STG, left MTG, 
and left caudate ( Fig. 3 B ). Similar to the reliability pattern within N1, 
reliability declined with the longer test-retest interval. In terms of long- 
term reliability, only 38% of the regions showed ICC values in the fair to 
excellent range, including left posterior SFG, MFG, and MTG. Again, the 
highest ICC values within N2 were observed for frontal (left posterior 
SFG and MFG) and temporal (left MTG) regions. 
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Fig. 2. Brain activation during emotion regulation [ Decrease > Look ] for each session separately ( A-C ) and during emotion generation [ Look > Decrease ] ( D-F ). 
L = left hemisphere; R = right hemisphere. 
Main Decrease contrast. ICC values for all regions and time intervals 
exceeded the threshold of fair short- and long-term reliability (Supple- 
mentary Material, Fig. S2B ). Prefrontal regions, including left posterior 
SFG, left MFG and bilateral IFG yielded the highest ICC values, revealing 
good to excellent short- and long-term reliability. 
Main Look contrast. Short-term reliability of 38% of the regions 
within N2 (left posterior SFG, right IFG, and left STG) resulted in fair to 
good ICC values (Supplementary Material, Fig. S3B ). Of note, the left 
posterior SFG also showed good long-term reliability. 
N3 
Difference contrast. Overall, fair short-term reliability was found for 
29% of the regions within N3 including the left parahippocampal gyrus 
(PHG) as well as the right thalamus across all three sessions ( Fig. 3 C ). 
Only one region, namely the right thalamus, showed ICC values within 
the fair range for each comparison between sessions. 
Main Decrease contrast. Short-term reliability was in the fair to ex- 
cellent range for 86% of the ROIs (Supplementary Material, Fig. S2C ). 
Further, 57% of the regions, including bilateral fusiform gyrus (FG), left 
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Fig. 3. Heatmaps of region-wise ICCs for ROIs of the four networks (N1 – N4) for the difference contrast. For each network, the ROIs of the respective network 
( Morawetz et al., 2020 ) are presented on top. ICC values are shown for each combination of session (short-term intervals: session1 | session2 and session 2 | session 
3, long-term interval: session 1 | session 3) with their corresponding confidence interval [CI]. ICC values below 0.40 are considered as low, from 0.4 to 0.59 as fair, 
from 0.6 to 0.75 as good and above 0.75 as excellent ( Cicchetti and Sparrow, 1981 ). Negative values cannot be interpreted (indicated in gray). Heatmaps of the main 
contrasts are reported in the Supplementary Material ( Fig. S2 and S3 ). 
inferior occipital gyrus (IOG), and left PHG, showed also good long- 
term reliability. Activity in the FG was related to the highest ICC values 
in terms of short- and long-term reliability. 
Main Look contrast. 43% of the ROIs within N3 showed fair to excel- 
lent short-term reliability, namely bilateral FG and left IOG (Supplemen- 
tary Material, Fig. S3C ). Further, ICC values of these regions exceeded 
the excellent range regarding long-term reliability. 
N4 
Difference contrast. Within N4 not a single region exceeded the 
threshold of fair reliability for the short-term intervals ( Fig. 3 D ). 
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Fig. 4. Whole-brain voxel-wise ICC(3,1) maps for each combination of sessions: session 1 | session 2 ( A ), session 2 | session 3 ( B ), session 1 | session 3 ( C ). ICC 
values are shown thresholded above 0.40 (fair to excellent reliability). 
Main Decrease contrast. Regarding short-term reliability, ICC values 
were in the fair to excellent range for all ROIs of N4 (Supplementary 
Material, Fig. S2D ). Additionally, 67% of the regions were associated 
with good long-term reliability. The highest ICC values were found for 
medial parietal regions including the precuneus as well as the posterior 
cingulate. 
Main Look contrast. For the short-term interval, ICC values ranged 
from fair to excellent for 67% of the ROIs (Supplementary Material, Fig. 
S3D ). These regions also showed fair to excellent long-term reliability. 
The precuneus, left middle occipital gyrus (MOG), and left superior pari- 
etal lobe (SPL) tended to have the highest ICC values. 
To summarize, the difference contrast yielded fair to excellent relia- 
bility for the majority of ROIs in N1 and N2, regarding short-term reli- 
ability. Reliability declined within both networks with the longer time 
interval, indicated by only a few regions that exceeded the threshold 
of fair long-term reliability. Prefrontal and temporal regions tended to 
have the highest ICC values within N1 and N2, indicating fair to excel- 
lent short- and long-term test-retest reliability. In contrast, overall N3 
and N4 showed only poor to fair short- and long-term reliability. 
Notably, reliability analyses revealed higher ICC values for the main 
contrasts (Supplementary Material, Fig. S2 and S3 ) in comparison to 
the difference contrast ( Fig. 3 ), which is in line with recent findings ad- 
dressing the issue of reliability of difference contrasts ( Infantolino et al., 
2018 ). By using difference score measures, shared reliable variance be- 
tween the conditions is removed, which results in lower reliability of 
the difference contrast in comparison to the main contrasts. 
3.2.2.2. Voxel-wise reliability. Next, we calculated voxel-wise ICC maps 
to assess whole-brain voxel-wise reliability ( Fig. 4 ). To investigate 
voxel-wise reliability within each region of each network, we ex- 
tracted the ICC distributions of each ROI ( Fig. 5 ). A reliability measure 
for each ROI was obtained from the median of the ICC distributions 
( Caceres et al., 2009 ) ( Table 3 ). 
N1 
Difference contrast. Within N1, prefrontal regions, including left SFG, 
bilateral posterior MFG, as well as the precuneus yielded higher ICC val- 
ues than parietal regions and the insula ( Fig. 5 A ). The ICC medians of 
the former regions showed fair to good short-term reliability (40% of 
regions within N1) ( Table 3 ). Fair long-term reliability was observed 
for bilateral posterior MFG as well as the precuneus (30% of the N1 
ROIs). For the latter regions, voxel-wise ICC values tended to be more 
dispersed, indicating high variability between ICC values within these 
regions, and the ICC medians indicated only poor to fair test-retest reli- 
ability across the three sessions. 
Main Decrease contrast. The ICC distributions for each ROI and each 
combination of sessions indicated fair to excellent short- and long-term 
reliability within the whole network (Supplementary Material, Fig. S4A 
and Table S3 ). Prefrontal regions, including left SFG and posterior MFG, 
yielded the highest ICC values that showed narrow distributions with 
peaks in the good to excellent range. 
Main Look contrast. ICC medians for all regions of N1 were in the 
fair to good range for the short- and long-term intervals (Supplemen- 
tary Material, Table S4 ). The highest ICC values were found for right 
posterior MFG, CG, and insula (Supplementary Material, Fig. S5A ). 
N2 
Difference contrast. Regarding short-term reliability, the ICC distri- 
butions of the ROIs within N2 showed a high amount of voxel-wise ICC 
values above the threshold of fair reliability ( Fig. 5 B ). This was accom- 
panied by ICC medians in the fair to good range for 88% of the ROIs 
( Table 3 ). In line with the results of the region-wise ICC analyses, re- 
liability was decreased for the long-term interval, which was reflected 
in wider ICC distributions that were mainly in the poor range. Only left 
posterior SFG, MFG, and MTG, resulting in 38% of the regions within the 
network, yielded ICC medians that revealed fair long-term reliability. 
Main Decrease contrast. Medians of the ICC distributions were in the 
fair to excellent range for all regions within N2, regarding short-term as 
well as long-term reliability (Supplementary Material, Table S3 ). Note, 
that the ICC distributions of long-term reliability were wider than the 
ICC distribution of short-term intervals, indicating more variability of 
long-term ICC values (Supplementary Material, Fig. S4B ). Left posterior 
SFG and MFG as well as bilateral IFG showed the highest ICC values 
across each combination of sessions followed by the temporal regions 
(left STG and MTG) of the network. 
Main Look contrast. 75% of regions (bilateral SFG, left MFG, right IFG, 
left STG, and MTG) showed fair to good short- and long-term reliability 
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Fig. 5. Density plots of voxel-wise ICCs for ROIs of the four networks (N1- N4) for the difference contrast. For each network and each respective ROI, the distribution 
of voxel-wise ICC values is presented for each combination of session (one-week intervals: session1 | session2 and session 2 | session 3, two-week interval: session 
1 | session 3). Horizontal lines indicate the categorization of ICC values as introduced by Cicchetti and Sparrow (1981) : ICC values below 0.40 (dotted line) are 
considered as low, from 0.4 to 0.59 as fair, from 0.6 (dashed line) to 0.75 (continuous line) as good and above 0.75 as excellent. Density plots of the main contrasts 
are reported in the Supplementary Material ( Fig. S4 and S5 ). 
(Supplementary Material, Fig. S5B and Table S4 ). Reliability declined 
with the longer time interval as indicated by a shift of the long-term ICC 
distribution to lower values. The highest ICC values were observed for 
prefrontal regions, including left SFG and MFG. 
N3 
Difference contrast. The ICC distributions of the ROIs within N3 
showed a high amount of voxel-wise ICC values below the threshold 
of fair reliability ( Fig. 5 C ) as indicated by the medians of the ICC distri- 
butions, fair short-term reliability was only found for one region within 
N3, namely the left PHG ( Table 3 ) No region exceeded the threshold of 
fair long-term reliability. 
Main Decrease contrast. 57% of the regions (bilateral FG, left IOG, 
and left PHG) showed fair to excellent ICC medians for each session in- 
terval (Supplementary Material, Table S3 ). The highest ICC values were 
found for bilateral FG (Supplementary Material, Fig. S4C ), which was 
further supported by ICC medians in the excellent short- and long-term 
range. Note, that the medians of the ICC distributions for the bilateral 
amygdala (and left PHG) were above the fair range in terms of short- 
term reliability. However, the broad ICC distributions values indicated 
high variability of voxel-wise ICC values within these regions and are 
therefore difficult to interpret regarding the reliability of the ROIs. 
Main Look contrast. Only 43% of the regions exceeded the fair re- 
liability threshold for short- and long-term reliability (Supplementary 
Material, Table S4 ). The ICC distributions and the corresponding ICC 
medians revealed good to excellent reliability for bilateral FG and left 
IOG (Supplementary Material, Fig. S5C and Table S4 ). The subcortical 
regions of the network showed only poor reliability and high variability 
of the ICC values. 
N4 
Difference contrast. Within N4, a high amount of the voxel-wise ICC 
values fell in the poor range of reliability for each ROI ( Fig. 5 D ). This 
was reflected by the medians of the ICC distributions ( Table 3 ): No re- 
gion survived the fair short- or long-term reliability threshold, indicating 
poor test-retest reliability within the whole network. 
Main Decrease contrast. 56% of the regions (left SPL, right posterior 
cingulate, the precuneus, the cuneus, and left MOG) showed good to ex- 
cellent short- and long-term reliability as indicated by the ICC medians 
(Supplementary Material, Table S3 ) as well as their ICC distributions 
that lied above the threshold of good reliability (Supplementary Mate- 
rial, Fig. S4D ). The remaining regions yielded also ICC medians in the 
fair to good range for the short-term (left insula, bilateral postcentral 
gyrus, and right thalamus) and long-term (left postcentral gyrus, right 
thalamus) interval, but their distributions showed high variability of 
voxel-wise ICC values. 
Main Look contrast. ICC medians revealed fair to excellent short- and 
long-term reliability for 78% of the regions within the network (left 
postcentral gyrus, left SPL, right posterior cingulate, the precuneus, the 
cuneus, left MOG, and right thalamus) (Supplementary Material, Table 
S4 ). However, voxel-wise ICC values of long-term reliability for the right 
thalamus vary substantially (Supplementary Material, Fig. S5D ). 
To summarize, we found a similar pattern of voxel-wise reliability 
as in the region-wise reliability approach, which is in line with previous 
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Table 3 
Medians of voxel-wise ICC distributions for each ROI. 
Region ICC Median 
Session 1 | Session 2 Session 2 | Session 3 Session 1 | Session 3 
N1 
L SFG 0.46 0.47 0.33 
L MFG, ant. 0.31 0.24 0.09 
L MFG, post. 0.48 0.63 0.43 
R MFG, ant. 0.41 0.38 0.33 
R MFG, post. 0.52 0.42 0.43 
R CG 0.39 0.53 0.41 
R Insula 0.38 0.36 0.30 
L IPL 0.26 0.39 0.07 
R IPL 0.46 0.33 0.24 
Precuneus 0.47 0.43 0.41 
N2 
L SFG, ant. 0.48 0.31 0.10 
L SFG, post. 0.55 0.54 0.47 
L MFG 0.55 0.64 0.51 
L IFG 0.60 0.44 0.30 
R IFG 0.57 0.40 0.27 
L STG 0.49 0.48 0.24 
L MTG 0.67 0.54 0.44 
L Caudate 0.47 0.44 0.24 
N3 
L FG 0.29 0.23 0.39 
R FG 0.26 0.26 0.30 
L IOG 0.16 0.17 0.25 
L PHG 0.42 0.40 0.23 
R Thalamus 0.45 0.37 0.32 
L Amygdala 0.35 0.16 0.15 
R Amygdala 0.34 − 0.03 0.03 
N4 
L Insula 0.33 0.19 0.20 
L Postcentral Gyrus 0.22 0.26 0.18 
R Postcentral Gyrus − 0.07 0.17 0.11 
L SPL 0.40 0.27 0.37 
R Posterior Cingulate 0.16 0.45 0.31 
Precuneus 0.46 0.29 0.21 
Cuneus 0.34 0.38 0.36 
L MOG 0.22 0.30 0.36 
R Thalamus 0.30 0.35 0.38 
Note. ROIs within the same brain regions are further labeled as the anterior (ant.) or posterior 
(post.) ROI, respectively. L = left hemisphere, R = right hemisphere. 
findings ( Fröhner et al., 2019 ). For the difference contrast, the ICC dis- 
tributions and their corresponding ICC medians indicated the highest 
test-retest reliability for prefrontal (MFG and SFG) as well as tempo- 
ral regions (left MTG) that are part of the emotion regulation networks 
(N1 and N2). Corresponding to the region-wise ICC analyses, reliability 
declined within both networks with the longer time interval ( Fig. 4 ), 
which was reflected by lower ICC medians and high variability of ICC 
values within the respective ROIs. Regions within N3 and N4 showed 
only poor short- and long-term reliability on a voxel level. 
Again, the reliability analyses using the main contrasts revealed 
higher voxel-wise ICC values for the majority of ROIs (Supplementary 
Material, Fig. S4 and S5 ) in comparison to the difference contrast 
( Fig. 5 ). 
4. Discussion 
Here we addressed for the first time the issue of the test-retest re- 
liability of brain activation during emotion regulation by acquiring 7T 
fMRI data at three sessions separated by one week. Specifically, we fo- 
cused on the reliability of regions within four different networks shown 
to be involved in emotion generation and regulation that were derived 
from a recent meta-analysis ( Morawetz et al., 2020 ). The effect of emo- 
tion regulation was demonstrated on the behavioral and neural level. 
First, engaging in emotion regulation resulted in decreased negative 
emotional state ratings compared to the control condition within each 
session. Second, in accord with previous findings, emotion regulation 
compared to the control condition across all sessions was associated with 
increased activation in frontal (IFG, SFG, SMA), temporal (MTG), and 
parietal (precuneus) regions (e.g., Kohn et al., 2014 ; Morawetz et al., 
2017 ). During emotion generation, i.e. control condition vs. emotion 
regulation condition, activity in the frontal (IFG, SMA), the temporal 
(STG) and the cingulate cortex as well as the insula was enhanced, in 
line with previous research (e.g., Morawetz et al., 2017 ; Ochsner et al., 
2004 ). With regard to test-retest reliability, our results yielded good 
reliability of a well-established emotion regulation task on a behavioral 
level. Test-retest reliability of underlying neural networks varied consid- 
erably across the networks and respective ROIs. Importantly, prefrontal 
and temporal regions demonstrated good to excellent test-retest relia- 
bility during the down-regulation of emotions, which implies that these 
regions might represent stable core regions supporting cognitive emo- 
tion regulation that can be studied on an individual subject level. 
The whole-brain analyses on a group level revealed that brain ac- 
tivity was relatively stable across the three sessions in regions involved 
in emotion generation and regulation. However, when comparing the 
group level responses between sessions, we observed a decrease in 
activation for the emotion generation and regulation contrasts over 
time. A number of studies have reported a reduction of brain acti- 
vation for subcortical and cortical regions during emotion processing 
12 
S. Berboth, C. Windischberger, N. Kohn et al. NeuroImage 232 (2021) 117917 
( Geissberger et al., 2020 ; Lipp et al., 2014 ; Sauder et al., 2014 ) and 
cognitive tasks ( Plichta et al., 2012 ) over multiple time points. Notably, 
to avoid habituation effects that have been reported for the repeated 
presentation of negative stimuli in prefrontal cortex regions, the ante- 
rior cingulate gyrus and the amygdala ( Denny et al., 2014 ; Denny and 
Ochsner, 2015 ; Phan et al., 2003 ; Wright et al., 2001 ), we optimized 
our study design by using different images for each session and con- 
dition, that were matched for content and stimulus features. Habitua- 
tion effects to the stimuli can therefore be ruled out. One alternative 
explanation might be a decline in task-related motivation and engage- 
ment over time resulting in decreased brain responses. However, our 
behavioral findings only revealed an effect of session within the Look 
condition, i.e. less negative ratings within the Look condition over time, 
while emotional state ratings within the Decrease condition remained 
relatively stable across sessions. Thus, this alternative explanation of a 
decline in task-related motivation and engagement becomes unlikely. 
This directly leads to a third explanation. Given the stability of the 
emotional state ratings, the decrease in activation on a whole-brain level 
might correspond to enhanced neural efficiency in emotion regulatory 
processes over time (e.g., Ramsey et al., 2004 ; Schweizer et al., 2013 ). 
Neural efficiency is characterized by decreased task-related neural acti- 
vation accompanied by greater or stable task performance ( Gray et al., 
2005 ; Kelly and Garavan, 2005 ). This decrease in neural activation re- 
flects increased efficiency of the underlying neural circuits and might be 
related to lower cognitive effort ( Neubauer and Fink, 2009 ). The idea of 
neural efficiency fits our data, as neural activation during emotion reg- 
ulation decreased across sessions. However, this interpretation of our 
results has to be treated with caution, as we did not implement any ex- 
plicit emotion regulation training, that could explain a training effect 
resulting in higher neural efficiency and less cognitive effort. Further, 
in our task design, we did not acquire an objective measure of cognitive 
effort, e.g. pupil dilatation ( Maier and Grueschow, 2020 ) and therefore 
cannot provide additional evidence in support of the neural efficiency 
model by demonstrating less effortful cognitive processing over sessions. 
With regard to test-retest reliability, we demonstrate region-wise 
and voxel-wise reliability of brain activation during emotion regula- 
tion that ranged from poor to excellent and was further corroborated 
by good to excellent reliability of emotional state ratings. As the consis- 
tency of behavioral performance is associated with test-retest reliabil- 
ity of brain responses, the good test-retest reliability of our behavioral 
measures has to be emphasized ( Fröhner et al., 2019 ). Our results sug- 
gest, that emotional state ratings as well as regulation success provide 
a reliable measure for the assessment of differences between individ- 
uals on a behavioral level. On a neural level, the comparison of emo- 
tion generation and regulation networks revealed opposed reliability 
patterns. While ICC analyses of emotion regulatory networks (N1 and 
N2) mainly based on prefrontal, parietal and temporal regions yielded 
fair to excellent reliability, emotion generative networks (N3 and N4) 
remained in the poor to fair range of reliability estimates. Several fac- 
tors might contribute to this finding. First, the location of the regions 
might play an important role. Whereas N1 and N2 include mainly cor- 
tical regions, i.e. frontal, temporal and parietal regions, N3 and N4 also 
include subcortical regions, such as the amygdala, caudate and thala- 
mus. This is in line with a recent meta-analysis reporting that cortical 
ROIs show significantly higher reliability estimates than subcortical re- 
gions ( Elliott et al., 2020 ). One explanation for lower ICCs in subcortical 
regions might be the proneness of ventral brain regions to physiological 
noise and susceptibility artefacts due to their proximity to bone and si- 
nuses ( Merboldt et al., 2001 ; Robinson et al., 2004 ). At ultra-high field 
strength, susceptibility effects as well as physiological artefacts become 
more severe ( Moser et al., 2012 ; Triantafyllou et al., 2005 ) and thus 
might have caused the observed regional differences in test-retest reli- 
ability. However, optimized scanning protocols including high spatial 
resolution lead to a reduction of the relative field dispersions within a 
voxel and thus reduces dephasing and signal dropout ( Balchandani and 
Naidich, 2015 ; Sladky et al., 2013 ; Triantafyllou et al., 2005 ). As demon- 
strated in several previous studies, high spatial resolution approaches as 
used in our study effectively compensate for increased signal losses from 
susceptibility artefacts (e.g., Geissberger et al., 2020 ; Hahn et al., 2013 ; 
Robinson et al., 2004 ; Sladky et al., 2013 ). Another possible explana- 
tion for differences in test-retest-reliability measures between the net- 
works might be the magnitude of activation within the ROIs. It has been 
demonstrated that higher levels of activation are related to higher ICC 
values ( Caceres et al., 2009 ; Fliessbach et al., 2010 ; Korucuoglu et al., 
2020 ). Thus, the fact that brain regions within N1 and N2, in particular 
prefrontal and temporal regions, were associated with higher activity 
than regions within N3 might explain the overall higher ICC values. 
This is due to the task design and resulting contrasts as the engagement 
in the active task of regulation clearly induced the heightened activity 
in N1 and N2 regions, while the passive viewing condition naturally 
resulted in less recruitment of N3 regions and poor reliability. Overall, 
our findings suggest, that regions within N1 and N2 can be reliably mea- 
sured by conducting an emotion regulation task whereas the same task 
might be less applicable to measure emotion generative processes on an 
individual subject level. 
As most of the regions within N1 and N2 turned out to be at least 
fairly reliable in the region-wise as well as the voxel-wise analyses, we 
further focus our discussion on these networks to identify core regions 
implicated in emotion regulation. The highest ICC values were found for 
prefrontal and temporal regions, including left posterior MFG/dlPFC, 
right anterior MFG/vlPFC, left posterior SFG/SMA, and left MTG. These 
regions seem to play a key role within the emotion regulatory process be- 
ing involved in attention and working memory (dlPFC), in cognitive con- 
trol and the selection of goal-appropriate responses (vlPFC), in the for- 
mation of mental representations (SMA), and in perceptional and seman- 
tic emotional representations (MTG) ( Kohn et al., 2014 ; Ochsner et al., 
2012 ; Silvers and Guassi Moreira, 2019 ). Our findings suggest that these 
prefrontal and temporal regions might serve as promising candidates 
for the study of individual differences in emotion regulation, e.g. the 
interaction of emotion regulatory processes with age (e.g., Silvers et al., 
2017 ), personality (e.g., S. Chen et al., 2017 ) or habitual use of emo- 
tion regulation strategies (e.g., Abler et al., 2010 ; Vanderhasselt et al., 
2013 ) and for neurobiological biomarkers in a clinical context. A large 
body of research has shown that alterations in emotion regulation are 
associated with various psychopathologies thereby describing emotion 
regulation as a transdiagnostic phenomenon ( Cludius et al., 2020 ). In 
line with this view, reduced recruitment of regions within the emotion 
regulatory network, including the vlPFC and dlPFC (which demonstrate 
the highest reliability in our study), has been associated with emotional 
dysregulation in a range of psychological disorders (i.e., mood disorders, 
anxiety disorders, addiction, schizophrenia and personality disorders) 
( Picó-Pérez et al., 2017 ; Zilverstand et al., 2017 ). As a result, emotion 
regulation and cognitive control serve as targets for behavioral, phar- 
macological and neuromodulatory interventions ( Cludius et al., 2020 ; 
Cohen and Ochsner, 2018 ; Paret and Hendler, 2020 ; Roiser et al., 2012 ). 
Investigating the neural correlates of emotion regulation interventions 
by using fMRI provides a useful tool to study the interaction of person 
factors (e.g., age, personality traits or severity of psychopathological 
symptoms) and treatment mechanisms ( Denny, 2020 ), and to provide 
predictive biomarkers of treatment response ( Roiser et al., 2012 ). Fur- 
thermore, several studies suggest, that abnormal activation patterns in 
the regulatory network might serve as prognostic biomarkers for future 
psychological diseases (e.g., Heissler et al., 2014 ; Kanske et al., 2012 ; 
Van Der Velde et al., 2015 ). To build such predictive models that fo- 
cus on clinical outcomes on the one hand and on basic neural processes 
that might be dysregulated across multiple disorders on the other hand, 
the diagnostic value of biomarkers needs to be assessed through differ- 
ent methods ( Woo et al., 2017 ). Test-retest reliability represents one 
of these methods and thus, must be at the forefront of study design 
in order to develop predictive models in the clinical context that are 
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applicable to individual persons and neuroscientifically plausible and 
interpretable. 
Notably, to the best of our knowledge, this is the first study on 
emotion regulation conducted at ultra-high magnetic field (7T). Due 
to the promising benefits of ultra-high field strength, ultra-high field 
MR constitutes a powerful tool within the field of clinical and research- 
related neuroimaging ( Balchandani and Naidich, 2015 ; Morris et al., 
2019 ; Moser et al., 2012 ). Ultra-high field MR of human brain struc- 
tures and function has become increasingly available. Higher magnetic 
fields offer enhanced sensitivity by effectively increasing image and 
time course signal-to-noise ratio, spatial resolution, and sensitivity to 
susceptibility effects resulting in higher BOLD-related signal changes 
( Balchandani and Naidich, 2015 ; Moser et al., 2012 ; U ǧurbil et al., 
2003 ). By increasing signal-to-noise and contrast-to-noise ratios, ultra- 
high field MRI provides a way for improving test-retest reliability for 
fMRI ( Bennett and Miller, 2010 ), and constitutes a promising tool for the 
investigation of individual difference. A recent study ( Geissberger et al., 
2020 ) suggested, that the test-retest reliability of task fMRI can bene- 
fit from ultra-high field strength. Using high spatial resolution acquisi- 
tion at ultra-high field they effectively compensated for increased signal 
losses from susceptibility artefacts and demonstrated generally higher 
ICC values (within the range of excellent test-retest reliability) of neural 
activation than previous studies using lower field strength for a well- 
studied emotion processing paradigm. Our findings suggest that fMRI at 
ultra-high field provides a promising method for investigating emotion 
regulation on an individual level by studying brain activation in core 
regions for emotion regulatory processes. 
This study has several limitations. It has to be noted that the data ac- 
quisition at ultra-high magnetic field (7T) limits the generalizability of 
our results. As fMRI studies exploring emotion regulation typically use 
fMRI at high magnetic field (3T), test-retest reliability of brain activity 
during emotion regulation using 3T fMRI needs to be addressed in fu- 
ture studies. However, we believe that our study can inform future fMRI 
research on emotion regulation as the number of fMRI studies at ultra- 
high field strength is increasing and, more importantly, we investigated 
test-retest reliability of brain activity underlying emotion regulation for 
the first time. Further, our results are dependent on our study sample 
primarily consisting of young females, which might limit the general- 
izability to other populations. Therefore, future studies should include 
larger and more diverse samples. 
In addition, methodological issues regarding our study design might 
be considered in future studies. Firstly, in our study stimuli were not 
counterbalanced across sessions and participants. Secondly, we further 
acknowledge that our test-retest reliability results are dependent on 
our study design and protocol, including the one-week time interval 
between sessions. Thirdly, our study only implemented reappraisal as 
emotion regulation strategy. Finally, we did not assess current mood in 
each session and thus cannot completely rule out that changes in mood 
might have affected emotional reactivity and regulation of the partici- 
pants. This might have led to increased within-subject variability across 
sessions resulting in decreased test-retest reliability. However, the high 
test-retest reliability of the emotional state ratings does not support the 
idea of mood-related effects. Taken together, future studies could extend 
our findings by (a) incorporating a counterbalanced design, (b) inves- 
tigating longer test-retest intervals in longitudinal studies (e.g. several 
weeks to months), (c) implementing variations of the task (e.g. differ- 
ent emotion regulation strategies), and (d) considering state-dependent 
psychological processes such as mood. 
It is worth mentioning, that we found higher reliability estimates 
within each network for the main contrasts of the conditions, i.e. the 
Decrease and the Look condition, compared to the difference contrast. 
This finding is not surprising, as change scores, i.e. the difference of 
two measures, are less reliable than the measures themselves when these 
measures are correlated ( Hedge et al., 2018 ) resulting in lower reliabil- 
ity of difference contrasts compared to the constituent main contrasts 
( Infantolino et al., 2018 ). Thus, when examining differences between 
individuals in emotion regulation, one possibility to enhance the relia- 
bility of the assessment of neural correlates might be the extraction of 
the beta values based on the main contrasts for individual difference 
analyses. Another possibility to ensure good reliability could be the in- 
clusion of an explicit baseline condition (neutral stimuli) in the task that 
might offer more reliable change scores, as a baseline condition and the 
regulation condition might share less between-subject variance that is 
canceled out by the subtraction of the scores. Furthermore, recent re- 
views on fMRI reliability emphasize the advantage of multivariate fMRI 
analyses in terms of higher test-retest reliability compared to univari- 
ate measures ( Kragel et al., 2020 ; Noble et al., 2020 ). Thus, using a 
multivariate approach (e.g., ( Morawetz et al., 2021 ; Morawetz et al., 
2016 ; Powers et al., 2020 ) might further enhance test-retest reliability 
and therefore suitability for studying individual differences in emotion 
regulation. 
Of note, we found no significant activation in the amygdala for the 
emotion generation contrast on the whole-brain level, despite it being 
commonly reported to be modulated by emotion regulation in previous 
studies (e.g., Dörfel et al., 2014 ; Kanske et al., 2011 ; Ochsner et al., 
2004 ). However, there are also numerous studies that failed to find 
a modulating effect of emotion regulation on amygdala activity on a 
whole-brain level (e.g., McRae et al., 2012 ; Morawetz et al., 2016 ; Otto 
et al., 2014 ; Silvers et al., 2015 ). These controversial findings could 
be explained by methodological issues such as stimulus features (e.g. 
arousal) ( Dolcos et al., 2014 ), habituation effects ( Geissberger et al., 
2020 ), or proneness to susceptibility artifacts ( Merboldt et al., 2001 ; 
Morawetz et al., 2008 ; Robinson et al., 2004 ). The latter reason could 
be ruled out in our study, given the high resolution at ultra-high mag- 
netic fields ( Geissberger et al., 2020 ; Sladky et al., 2013 ). Thus, the lack 
of amygdala activity during the control condition might be explained 
by the fact that we used a wide range of low and high arousing stimuli, 
canceling any effects due to different levels of arousal. 
5. Conclusions 
In this study, we examined for the first time the test-retest reliability 
of brain activity during the cognitive control of emotions using reap- 
praisal and fMRI. Our findings suggest, that the reliability of brain acti- 
vation is good to excellent in core emotion regulatory regions, which has 
several implications: First, the task investigated in our study is highly ap- 
plicable to identify individual differences in emotion regulation perfor- 
mance. Second, while the measurement of neural activation underlying 
emotion generative processes on an individual level has to be treated 
with caution, we identified several regions (vlPFC, dlPFC, MTG) that 
showed good test-retest reliability for the assessment of emotion regula- 
tive processes. These regions therefore might qualify as good candidates 
for the study of individual differences in emotion regulation as well as 
for biomarkers in clinical neuroscience research. In light of the ongoing 
reliability discussion, our results are of high relevance and interest for 
fMRI research in general and emotion regulation research in particular, 
as we provide the first step toward the investigation of reliability of fMRI 
measures that are widely applied within the affective neuroscience. 
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